Abstract This study examines the dependence of the hurricane maximum potential intensity (MPI) on environmental stratification beyond the traditional MPI framework. Unlike the previous formulation in which MPI is a function of the convective available potential energy in the eyewall only, a new MPI formulation is introduced herein that explicitly incorporates the effects of environmental stratification. The new formulation is examined within an axisymmetric modeling framework, using various initial vertical thermodynamic structures. Results show the strong dependence of the model simulated maximum hurricane intensity on environmental stratification, with a lower maximum intensity for a more stable troposphere. Given the growing evidence from recent studies showing that a warmer sea surface temperature would induce a more stable troposphere, our finding suggests a smaller change in the maximum hurricane intensity in the future warming climate than that estimated from the current MPI framework. The new formulation highlights the importance of environmental stratification in hurricane development and the long-term variability of hurricane intensity, a complete understanding of which is still elusive at present.
Introduction
The maximum potential intensity (MPI) that a hurricane can achieve, given sea surface temperature (SST) and outflow temperature (T OUT ), as established by Emanuel (1986 Emanuel ( , 1988 , is undoubtedly a key milestone in hurricane research. Such an explicit dependence of the MPI on the two key factors allows us to quantify how hurricane intensity could vary under different bottom and top boundary conditions of the troposphere, thus having an important theoretical value in current hurricane-climate research. Using SST as a key proxy, numerous studies have shown that the number of Category 4 and 5 hurricanes may increase under the future warming climate, despite overall decreases in hurricane frequency (e.g., Bengtsson et al., 2007; Knutson et al., 1998 Knutson et al., , 2007 Oouchi et al., 2006; Vecchi et al., 2013; Wang et al., 2010) .
While SST is evidently a dominant factor in determining the variability of hurricane intensity (Emanuel, 2005; Knutson et al., 2007; Ramsay, 2013) , extensive observational and modeling studies showed that some environmental factors may also play important roles in hurricane long-term intensity variations such as vertical wind shear (Lin & Chan, 2015; Murakami et al., 2011) , midlevel moisture content (Murakami et al., 2011; Wang et al., 2010) , tropical tropopause layer (Emanuel et al., 2013; Ferrara et al., 2017; Wang et al., 2014; Wing et al., 2015) , or environmental stratification (EnS; Hill & Lackmann, 2011; Shen et al., 2000; Tuleya et al., 2016) . Among these factors, the dependence of the MPI on EnS appears to be the least understood despite its apparent physical impacts. Namely, a more stable troposphere tends to be inimical to the development of deep convection, thereby limiting the growth of hurricane intensity as reported by a number of modeling studies. In fact, Hill and Lackmann (2011) suggested that the atmospheric stabilization in their climate projections could offset as much as 50% of the increased hurricane intensity caused by warmer SST in KIEU AND ZHANG 6272
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Key Points:
• Tropospheric stratification plays a profound role in the hurricane intensity beyond the current maximum potential intensity framework • The enhanced stabilization of the troposphere under a warming climate can significantly offset the increase in hurricane potential intensity associated with warmer SST • Future studies of hurricane intensity variability need to take into account the variation of tropospheric stratification
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Correspondence to: C. Kieu, ckieu@indiana.edu Given the potential impact of EnS on hurricane intensity, it is intriguing to see however that the current MPI framework does not explicitly contain the vertical structures of the troposphere. Except for the height dependence of equivalent potential temperature θ e and T OUT on the moist lapse rate in the eyewall, the original MPI expression obtained by Emanuel (1986) does not fully take into account the tropospheric structures. This unaccounted role of the environmental structure in Emanuel's MPI formulation is somewhat troublesome, given that any variation in SST would inherently induce changes in environmental vertical structures of the atmosphere (e.g., Andrews & Webb, 2017; Hill & Lackmann, 2011; Larson & Hartmann, 2003) and consequently affect EnS. Bister and Emanuel (2002, hereinafter BE02) presented an alternative MPI expression, which contains some information about atmospheric stratification in terms of convective available potential energy (CAPE) in the eyewall region. Specifically, by treating the ascending motion in the eyewall and the descending motion at the outer edge of the eyewall as two different legs of an eyewall Carnot cycle, BE02 arrived at an MPI expression as follows:
where C d and C k are the surface drag and enthalpy exchange coefficients, respectively, T s is the SST, CAPE * is the CAPE of a saturated air parcel lifted from the sea level, and CAPE| m is the CAPE of an air parcel lifted from the planetary boundary layer (PBL). Because both CAPE * and CAPE| m must be evaluated within the eyewall region, the term (CAPE * À CAPE)| m is hereafter referred to as ECAPE. The derivation of equation (1) contains some issues related to the closure of the eyewall Carnot legs (see Garner, 2015) , but this formulation could at least provide a good upper bound to the MPI from climatological perspectives, despite the overall underestimation of intensity by the CAPE-MPI formulation within idealized balance framework (Bryan & Rotunno, 2009; Emanuel 2005; Garner, 2015) .
Recent studies of Kieu (2015) and Kieu and Wang (2017a, hereinafter KW17, 2017b ) provide a new pathway to examine MPI. By considering the basic scales of hurricanes as dynamical variables, a low-order hurricane model can be derived, which leads to an MPI limit in a different way from the original approaches that are based on either the Carnot cycle or the trajectory integration (e.g., Emanuel, 1986 Emanuel, , 1988 . Despite the simplicity of the hurricane-scale dynamics, this low-order model shows that the wind-induced surface heat exchange feedback could lead to an MPI equilibrium and its asymptotical stability, which cannot be achieved by working only with a steady state as in the previous studies.
A remarkable outcome from KW17's low-order model is an explicit dependence of the MPI on EnS beyond the ECAPE formulation. Specifically, KW17 obtained an approximated version of the MPI limit as follows:
where α is a proportional parameter, Γ d = g/C p is the dry lapse rate, and Γ = À dT/dz is the environmental lapse rate. For the sake of clarity, the subscript mPI is used in equation (2) to distinguish from V PI given in equation (1). Note that α is not a constant but is given by α ¼ H 2 g= V 2 PI T o À Á as derived from KW17's model, where H is the scale height of the troposphere and T o is a reference temperature. An immediate consequence of the above-modified MPI expression is that EnS, which is represented by the factor [1 À α(Γ d À Γ)], is now explicitly contained in the MPI estimation. Basically, equation (2) indicates that the more stable the troposphere (i.e., with smaller Γ), the weaker the hurricane MPI would be. This is a substantial modification to Emanuel's original MPI, because it directly includes the role of EnS in the MPI in addition to the implicit dependence of EnS hidden in the ECAPE formulation.
Due to its simplicity, KW17's hurricane-scale model could not account for the roles of eye dynamics, radiative-cloud feedbacks, cloud microphysics, or environmental conditions (e.g., vertical wind shear) in determining hurricane intensity. As a result, one may raise the following questions: How is the dependence of the model-simulated maximum intensity (i.e., the maximum surface wind, V max ) on EnS realized in a full-physics model compared to the KW17's low-order hurricane model? What are the practical implications of the MPI-EnS relationship to hurricane intensity variation? How are the direct impacts of EnS on V max compared to its indirect impacts via changes in ECAPE? Thus, the objective of this study is to quantify the relationship between the MPI and EnS in order to distinguish the latter's roles from those associated with ECAPE. Because any large-scale factor that can affect the MPI will impose new constraints on the variability of hurricane intensity, addressing this objective is thus warranted.
Experiment Design
In this study, the axisymmetric Cloud Model (CM1, version 17) developed by Bryan and Fritsch (2002) is used to study the development of axisymmetric hurricanes. The capability of this model in simulating hurricane development has been well demonstrated in numerous studies (e.g., Bryan & Rotunno, 2009; Hakim, 2011 Hakim, , 2013 Ramsay, 2013) . Our choice of this model is to take advantage of its full physics capability at the cloud-permitting resolution as well as its efficiency in simulating hurricane development for a wide range of experiments. Using the axisymmetric configurations suitable for hurricane simulations (see supporting information material for detailed model configurations), a control (CTL) experiment is first performed, using the Jordan (1958) sounding ( Figure 1 ). Like in Rotunno and Emanuel (1987) , the CTL experiment is integrated for 10 days, at which time hurricane intensity essentially approaches a quasi-steady state. The CTL-simulated V max shows a 54-hr period of rapid intensification and reaches a quasi-steady state of about 70 m/s after just 4 days into the integration (Figure 2 ). Such rapid approaching to the quasi-steady state confirms that the model vortex could attain its equilibrium imposed by the initial environmental conditions. As presented in e.g., Ramsay (2013) , Hakim (2011) , Reed and Chavas (2015) , or Kieu and Moon (2016) , a much longer integration shows little further changes in the characteristics of the MPI equilibrium. (1) at every time step, using the CM1-simulated sounding outputs of pressure, height, temperature, and specific humidity that are averaged within an annulus of radii of 500-700 km from the storm center.
With the CTL experiment, a set of 50 sensitivity experiments is conducted to examine the impacts of EnS on V max in the CM1 model by gradually decreasing the initial lapse rate Γ such that the static stability while maintaining approximately the same T OUT = À 73°C and SST = 28°C for this set of varying soundings (see the supporting information material for details of generating soundings with a fixed T OUT ). Here the tropospheric lapse rate is defined as an averaged temperature change over the 1,000-100-hPa layer, similarly for N 2 . Following the approach of Rotunno and Emanuel (1987) , these soundings are then integrated until the model reaches the so-called model-neutral state under the radiative-convective equilibrium. This spinup integration approach is adopted herein, instead of integrating a model vortex for a very long time as in Ramsay (2013) and Hakim (2011 Hakim ( , 2013 in order to circumvent the overwarming tendency emerged in a long integration related to the far-field subsidence over the entire domain for box models like the CM1.
While increasing EnS by changing the lapse rate appears to be arbitrary, we note that the environmental structures under the radiative-convective equilibrium can be affected by various factors such as gas concentration, cloudiness, moisture content, aerosols, or changes in stratospheric processes, even under the same SST condition (e.g., Iwasa et al., 2002; Lindzen, 1990; Manabe & Strickler, 1964; Manabe & Wetherald, 1967) . For example, variations in ozone concentration in the stratosphere could induce changes in both the tropopause temperature and height (e.g., Manabe & Strickler, 1964; Thuburn & Craig, 2000a ) and consequently affect EnS. In this regard, our experiment design of fixing SST while varying the environmental lapse rate can be viewed as the manifestation of different hypothetical climates in which the environmental structures are allowed to vary, even with the same SST condition.
Due to the dual roles of Γ in changing both CAPE and EnS, a second set of three additional sensitivity experiments is then conducted, in which the lower-tropospheric moisture content is reduced by 20% and 30% relative to the control Jordan sounding, respectively, while maintaining the same lapse rate Γ as in the control run. Any variation in the maximum hurricane intensity obtained in these experiments with the CM1 model can therefore reflect the relative roles of the ECAPE and EnS. Figure 2 compares the time series of the simulated V max interpolated to 10-m level, along with the theoretical V PI computed by equation (1). It is evident that all developing storms exhibit similar development to that in the CTL experiment, with rapid intensification of the model vortex during the first 2-4 days, followed by a quasi-steady stage. Like the results in Shen et al. (2000) , Hill and Lackmann (2011), and Tuleya et al. (2016) , the CM1-simulated storms have a weaker V max for a more stable troposphere, that is, a smaller lapse rate Γ. For a sufficiently stable troposphere (i.e., experiment S3 with Γ~5.2 K/km), CM1 could not intensify its model vortex at all, despite the same SST as those used in all the other experiments.
Results
Effects of Environmental Stratification
Of interest is that the V PI estimated from equation (1) could capture a number of features comparable to V max during the quasi-steady stage, even though the former is solely based on the sounding output at each time step whereas V max denotes the maximum intensity limit obtained from the CM1 model. Specifically, the theoretical V PI values vary~16% between those from the initial sounding (V PI~7 7 m/s) and those from the soundings at the quasi-steady stage (V PI~6 8 m/s), despite the fact that the model hurricane environment continuously changes during the integration. This is an important point, because it indicates that the V PI values estimated solely from soundings could provide a plausible estimation for an MPI at the mature stage. Figure 2 also shows that the CAPE-MPI formulation could display the anticipated behaviors of V PI as Γ changes. That is, V PI tends to be lower for a smaller ECAPE as a result of a more stable troposphere (see Figure 1 herein and Figure S2 in supporting information material), indicating that the ECAPE term in V PI captures part of the dependence on lapse rate.
However, there is a key difference between V PI and V max . That is, V PI exhibits much less variations than those of V max between the four experiments. In particular, the model V max shows no development for the very stable sounding S3, whereas V PI still indicates a value of~50 m/s as shown by the red-dashed curve in Figure 2 . Such a much weaker sensitivity of V PI to Γ as compared to the model V max suggests that the ECAPE factor in the MPI formulation given by equation (1) is inadequate in characterizing the dependence of the MPI limit on EnS, even under idealized environments.
To explicitly examine the functional form of the dependence of V max , V PI , and V mPI on EnS, Figure 3 shows their values for a range of Γ from 6.5 to 5.2 K/km. Due to the differences between the balanced formulation and the direct model output as well as the scale simplifications in KW17's low-order model, all the values of V max , V PI , and V mPI in Figure 3 are normalized by those corresponding to the Jordan sounding such that only their functional forms are considered (see supporting information material for the construction of V mPI from the CM1 model). It is of importance to see from Figure 3 that the relationship between V max and Γ d À Γ is not a simple linear function but exhibits much more rapid changes of V max as Γ d À Γ increases. For Γ< 5.5 K/km (i.e., Γ d À Γ > 4.5 K/km), the CM1 model could not even capture any storm development, despite the same given SST. Although V PI could capture some dependence on the lapse rate via the ECAPE factor and possible dependence of T OUT on the lapse rate, it is evident from Figure 3 that such dependence is substantially weaker than that of V max as obtained from the CM1 model. Specifically, V PI still indicates significant TC development for the entire range of Γ compared to the no development for Γ< 5.5 K/km as seen from the CM1 model. In contrast, V mPI shows stronger dependence on EnS as Γ d À Γ increases, which is consistent with equation (2). That is, a smaller lapse rate Γ (i.e., a more stable troposphere) corresponds to a smaller EnS factor [1 À α(Γ d À Γ)] such that V mPI decreases as Γ d À Γ increases. Thus, the additional dependence of V mPI on lapse rate better captures a further decrease of V max than V PI when Γ is reduced (Figure 3 ).
For a given value of Γ that makes the factor [1 À α(Γ d À Γ)] < 0, our modified MPI formulation dictates that no vortex intensification should occur, which is realized for Γ< 5.3 K/km whose EnS is too stable for the model vortex to spin up (Figure 3 ). Of course, the dependence of V mPI on Γ d À Γ, given by equation (2), is not entirely comparable to the dependence of V max on Γ d À Γ with substantial differences between VmPI and Vmax for (Γd À Γ)∈ [4.3À4.6 K/km] as shown in Figure 3 due to the simplicity of KW17's low-order model. As such, the threshold of Γ at which the storm could not intensify as derived from equation (2) is different from that obtained from the CM1 model. Nevertheless, the qualitatively better fit of V mPI with Γ d À Γ, as shown in 
An immediate question with the above EnS experiments is as follows:
To what degree can the initial sounding be maintained and impose subsequent impacts on the MPI limit, given the fact that ambient environment continuously changes due to both the feedback of hurricane processes and the possible environment relaxation toward a new radiative-convective equilibrium? This is an important question, because the interaction of a hurricane with its environment would likely modify the tropospheric structure that may deviate significantly from the initial vertical structure, thus rendering any estimated MPI limit, based on an initial sounding, inapplicable to the mature stage of the hurricane.
A detailed analysis of the time series of EnS for all soundings shows that all the experiments could reasonably well maintain their EnS during the 10-day integrations ( Figure S1 in the supporting information material) . Moreover, the relative differences of EnS among the four experiments are also preserved despite the interactions between the model vortex and environment. That is, the CTL experiment could maintain the smallest N 2~1 .1×10 À4 s À2 (i.e., the least stable atmosphere), while the S3 experiment persistently shows its highest value of N 2~1 .8×10 À4 s À2 (i.e., the most stable troposphere) throughout the 10-day integrations. Thus, this result confirms that the initial soundings could reflect the effects of EnS on the model vortex development, as expected.
Unlike the well-preserved values of Γ, the ECAPE varies more considerably among the four experiments as the model environment evolves ( Figure S1 ). These variations in ECAPE translate to a fluctuation of 14-19% in V PI as derived from equation (1) (see also Figure 2 ). In a certain sense, such large variations in the ECAPE are anticipated, because CAPE depends not only on the lapse rate Γ but also on the moisture of lifted air parcels. Despite these CAPE variations, it is evident that the initial soundings can impose a limit on the MPI that a hurricane can attain as a result of the dominant control of Γ.
Role of Vertical Moisture Profiles
Although we have demonstrated in the preceding subsection the role of EnS in determining the MPI, a careful examination of equation (2) shows that any change in Γ will affect both the ECAPE and the EnS factor
. Such dual roles of EnS can be better understood, if one notes that equation (2) contains an explicit function of Γ d À Γ, while the ECAPE dependence is a function of Γ À Γ m , where Γ m denotes the moist lapse rate. Because of this relationship, a smaller Γ would imply a smaller value of both the EnS factor and the ECAPE, which would in turn yield weaker MPI. Therefore, it is not conclusive from equation (2) about the relative contributions of Γ between these two factors, and the results shown in Figure 2 may not fully reveal the direct impacts of EnS.
Because both EnS and ECAPE may affect MPI, a third set of experiments is designed to examine the relative importance of ECAPE and EnS in equation (2). A straightforward way to varying CAPE while maintaining the same vertical temperature structure is to simply modify the vertical moisture profile. Because Γ is kept fixed in these moisture-varying experiments, the lifted condensation level is shifted higher for a drier profile, thus producing changes in ECAPE (see Figure S3 in supporting information material). According to equation (2), any variation of V mPI in these experiments is mostly attributed to a change in the ECAPE, rather than the EnS factor [1 À α(Γ d À Γ)] because of the fixed value of Γ. Figure 4 shows time series of V max associated with the moisture-varying sensitivity experiments. Despite the resulting changes in the initial CAPE of~2,855, 3,736, and 4,538 J/kg for the respective 30%, 20%, and CTL experiments as designed, it is of interest to see that the simulated V max ultimately displays insignificant changes at the quasi-steady stage, which is somewhat consistent with those obtained in Persing and Montgomery (2005) . The most noticeable change in V max between these reduced-moisture experiments is seen during the first 120 h, after which differences in V max among the sensitivity simulations appear to be indistinguishable. Another difference in these experiments is the delayed onset of rapid intensification in drier experiments; namely, a drier initial moisture structure would take a longer time for the model vortex to begin rapid intensification. This delayed intensification onset accords well with that obtained from a more realistic full-physics model (Kieu et al., 2013) . Unlike V max , V PI derived from equation (1) shows a larger value in an experiment with higher ECAPE in the drier initial environment experiments during the first 5-day integrations, because the drier atmospheric layer allows for a larger enthalpy difference at the surface at the initial time. However, all the experiments eventually approach a V max limit in the range of~80-85 m/s toward the end of the simulations.
The small differences in V max among the moisture-varying experiments highlight that the initial moisture is not well maintained with time, unlike the environmental lapse rate Γ in the EnS experiments. That is, the moisture profile evolves markedly during the model integration, with the lower-tropospheric moisture approaching saturation in the eyewall as the storm intensifies. As a result, the vertical moisture profiles become closer to each other in all the three moisture-varying sensitivity experiments after just 5 days into the integrations despite their initial differences. In this regard, changing the ECAPE by simply varying the moisture content while keeping Γ unchanged tends to produce minimum impacts on the MPI. On the contrary, changing the ECAPE through the vertical temperature structure would result in a much more profound impact on the MPI due to the well-preserved environmental structure of Γ during hurricane development (cf. Figures 2 and S2) . The above result appears to explain the insensitivity of V max to CAPE variations shown in Figure 4 , while offering insight into the strong dependence of V max on EnS.
From a thermodynamic perspective, the above insensitivity of V max can also be understood if one notes the difference between the environmental CAPE and the ECAPE (Garner, 2015) . That is, it is possible to have different environmental CAPEs, while the ECAPE may remain the same values during hurricane development. Specifically, the CAPE-MPI formulation of equation (1) is only applied to hypothetical thermodynamic legs bounded by the inner and outer edges of the eyewall-induced secondary circulation. Therefore, the CAPE estimated from BE02's formulation must be evaluated near the RMW where the air is always saturated, which differs from the environmental CAPE as discussed in Garner (2015) . In this regard, Persing and Montgomery (2005) 's experiments may possess similar ECAPE, thus accounting for the same MPI despite the different environmental CAPE in their experimental design. This subtle issue in the CAPE calculation is an essential feature of the CAPE-MPI formulation that may cause some confusion in practical applications.
Concluding Remarks
In this study, a modified MPI formulation developed by Kieu and Wang (2017a, 2017b ) is examined through a series of sensitivity simulations. By explicitly taking into account EnS, our modified MPI formulation allows for the incorporation of an additional factor that is proportional to the environmental lapse rate in the form of
The explicit functional form of this factor provides a systematical way to examine the dependence of the MPI on EnS with full-physics model simulations, as demonstrated in this study. Given the growing evidence of the tropospheric stabilization in response to warmer SST, it is therefore critical to understand the competing impacts between EnS and SST on the model-simulated maximum hurricane intensity. Using the nonhydrostatic CM1 model, four sets of idealized experiments are conducted herein, in which the environmental lapse rate and lower tropospheric moisture are varied from the control Jordan sounding. Results show that increasing the lapse rate Γ does impose a stronger constraint on the model-simulated V max than what is dictated by Emanuel's original MPI framework. Specifically, a more stable troposphere leads to a weaker V max , even with the same SST and tropopause temperature. Furthermore, the model vortex cannot intensify if the environmental lapse rate is larger than a threshold value regardless of the initial vortex strength or radiative cooling (see supporting information material), whereas Emanuel's MPI limit still shows a value as large as 50 m/s. A series of sensitivity experiments to changing SST and initial vortex strength, presented in the supporting information materials, shows that the impact of the EnS factor is reduced as SST increases. In particular, the model can eventually spin up an initial vortex even in a very stable troposphere, provided that SST exceeds a certain limit (see Table S2 in the supporting information materials).
Because both ECAPE and the EnS factor affect V mPI , additional experiments are conducted, in which the lower-level atmospheric moisture content is modified while keeping the lapse rate (and therefore the EnS factor) unchanged. Results show very similar V max among all the experiments during the quasi-steady stage. The only significant difference among these moisture-varying experiments is the onset of rapid intensification that tends to be delayed in an initially drier environment. As discussed in Kieu et al. (2013) and Tang et al. (2016) , this feature can be attributed to the time required for the model to moisten the lower troposphere before the storm central region becomes saturated for deep convection to develop.
The subtle competing role of SST and EnS in determining the MPI raises an important issue about the longterm variability of hurricane intensity. At a broad level, the results from this study suggest that the variations of both SST and environmental lapse rate must be taken into account in examining the variability of hurricane intensity. Under the radiative-convective equilibrium, previous studies (Andrews & Webb, 2017; Hill & Lackmann, 2011; Larson & Hartmann, 2003) showed that an SST increase is always accompanied by increased stabilization of the troposphere. Therefore, any statistical analysis of the hurricane maximum intensity variability in the future warming climate, based on the current MPI theory without considering the impact of changing tropospheric EnS, tends to overestimate the projection of actual hurricane maximum intensity. The explicit functional dependence of the modified-MPI on EnS suggests a possible statistical relationship that one can apply to the studies of hurricane intensity variability. Detailed statistical analyses of the environmental control of EnS on the long-term variability of hurricane intensity derived from the reanalysis data will be presented in our forthcoming studies.
